During the Late Pleistocene, the woolly mammoth (Mammuthus primigenius) experienced a series of local extinctions generally attributed to human predation or environmental change. Some small and isolated populations did however survive far into the Holocene. Here, we investigated the genetic consequences of the isolation of the last remaining mammoth population on Wrangel Island. We analysed 741 bp of the mitochondrial DNA and found a loss of genetic variation in relation to the isolation event, probably caused by a demographic bottleneck or a founder event. However, in spite of ca 5000 years of isolation, we did not detect any further loss of genetic variation. Together with the relatively high number of mitochondrial haplotypes on Wrangel Island near the final disappearance, this suggests a sudden extinction of a rather stable population.
INTRODUCTION
The extinction of the once widespread woolly mammoth has fascinated naturalists for almost 300 years (Breyne et al. 1737) . It was long thought that mammoths had become extinct by the Pleistocene -Holocene transition around 12 000-10 000 14 C years before present (yr BP). However, recent radiocarbon data indicate a prolonged survival in some areas, including a few islands where mammoths persisted far into the Holocene (Vartanyan et al. 1993 (Vartanyan et al. , 2008 Guthrie 2004; Yesner et al. 2005) . The youngest radiocarbon date (3685 + 60 yr BP) comes from a mammoth fossil discovered on Wrangel Island off the north-eastern Siberian coast (Vartanyan et al. 2008) .
Wrangel Island was part of western Beringia during the Late Pleistocene, but became separated from the mainland ca 9000 yr BP owing to rising sea levels (Fairbanks 1989; Vartanyan et al. 2008) . As a consequence, the mammoths on Wrangel Island became isolated and the population survived more than 5000 years on the island before it finally died out (Vartanyan et al. 1993) . In a recent study, Vartanyan et al. (2008) presented 124 radiocarbon dates of randomly collected mammoth samples from Wrangel Island. Since 85 per cent of the dated samples fell within a time interval of 8980 -3685 yr BP, Vartanyan et al. (2008) suggested a higher mammoth density in the area during the Holocene than during the Pleistocene, when Wrangel Island was still connected to the mainland. A gap in radiocarbon dates between 12 000 and 9000 yr BP was further suggested to indicate a period when mammoths were rare in, or absent from, the area (Vartanyan et al. 2008) .
It is still unclear what caused the final extinction of mammoths on Wrangel Island. The two main hypotheses for the extinction of woolly mammoths on the mainland, environmental change and/or human impact (Barnosky et al. 2004) , have been difficult to attribute to the extinction on Wrangel Island. The mammoths on Wrangel Island survived the climate change associated with the Pleistocene -Holocene transition, and eventually went extinct during a period of relatively stable climate (Lozhkin et al. 2001; Vartanyan 2007) . Further, to date, there is no direct evidence for human arrival on Wrangel Island prior to the extinction of the woolly mammoth (Dikov 1988) .
The carrying capacities of large mammals on islands are often limited (Alcover et al. 1998) , which means that the risk of extinction through demographic stochasticity increases (Lande 1993) . Further, small isolated populations are likely to be negatively affected by genetic drift and inbreeding (Frankham 2003 (Frankham , 2005 ). An alternative explanation for the extinction on Wrangel Island could thus be that the island was simply too small to support a long-term viable mammoth population.
In this study, we wanted (i) to examine whether mammoths were absent from Wrangel Island between 12 000 and 9000 yr BP, which would influence the genetic composition and also have a bearing on our interpretation of the viability of the last population. Further, we wanted (ii) to investigate whether changes in genetic variation through time could help explain why the mammoth population on Wrangel Island became extinct. To address these questions, we analysed mitochondrial DNA from radiocarbon-dated mammoth fossils, ranging from before the isolation of Wrangel Island up until the final extinction (greater than 38 000-3685 + 60 yr BP, table 1). If the genetic composition of the population inhabiting Wrangel prior to the gap in the fossil record (12 000 -9000 yr BP) is found to be highly different from that of the post-gap population, this would support the hypothesis that mammoths were absent on Wrangel Island between 12 000 and 9000 yr BP. For the second question regarding the final extinction on Wrangel Island, we see two alternative scenarios. If the extinction was a delayed response to deteriorating environmental conditions associated with the Pleistocene -Holocene transition, or a consequence of a reduced carrying capacity, we would expect to find a gradual loss of genetic variation in the population. On the other hand, a relatively constant level of genetic variation through time, followed by a rapid loss of variation near the extinction event, would indicate a sudden disappearance of a stable population, more likely caused by an abrupt environmental change or the arrival of humans on Wrangel Island.
MATERIAL AND METHODS
(a) DNA analysis Forty-two radiocarbon-dated specimens were included in this study (details are provided in table 1). DNA was extracted from about 0.1 g bone, tooth or tusk powder according to protocol C in Yang et al. (1998) . A region comprising 741 bp of the mitochondrial DNA, including the 3 0 end of the cytochrome b gene, the tRNA threonine and proline genes, and the first part of the control region, was amplified using six overlapping primer pairs (set A inner primer 22F, mammoth_15530_R, set A inner primer 22R, set B inner primer 22F, mammoth_15780_R and mammoth_15038_F from Krause et al. (2005) ; mammoth_15183_R, mammoth_15175_F, mammoth_15311_R and mammoth_15270_F from Barnes et al. (2007) ; forward primer 5 0 -CATAGACCATACTATGTATAATC-3 0 and reverse primer 5 0 -CATTATGTATGGGGACGAGCAT-3 0 from this study). Polymerase chain reactions (PCRs) were performed in 25 ml volumes with 5 ml of DNA extract, 0.2 mM of each primer, 0.4 mM dNTPs, 0.25 U UNG (Sigma-Aldrich), 2.5 mM MgCl 2 (Qiagen), 1Â PCR buffer (Qiagen) and 1.5 U HotStar Taq (Qiagen). PCR thermal cycling conditions were initiated with a 10 min pre-incubation step at 378C to activate UNG, followed by 15 min denaturation at 958C, 40 cycles of 30 s denaturation at 948C, 40 s annealing at 548C, 1 min extension at 728C and a single 10 min extension step at 728C. PCR products were cleaned using ExoSAP-IT (USB Corporation) and both strands were sequenced using either a CEQ 8000 (Beckman Coulter) or an ABI3130 (Applied Biosystems) automated sequencer according to the manufacturers' instructions.
(b) Precaution and authentication All samples in this study had previously been radiocarbon dated (Vartanyan et al. 2008) and were thus likely to contain preserved DNA. Since ancient DNA (aDNA) is usually degraded and exists in few copy numbers (Hofreiter et al. 2001) , general precautions and standards of authentication for aDNA work were performed. Extractions and PCR reactions were set up in a laboratory dedicated for analysis of aDNA at the Archaeological Research Laboratory, Stockholm University (Sweden). PCRs and post-PCR work were performed at the Department of Zoology and the Department of Genetics, Microbiology and Toxicology, Stockholm University (Sweden). Working areas, equipment and reagents were decontaminated using bleach, hydrochloric acid and/or ultraviolet irradiation. Negative controls were used in all extractions and PCRs. Pleistocene horse samples were also used as negative controls. DNA was extracted twice for several of the specimens, and all extracts were amplified at least two times for each fragment to monitor the effect of misincorporated bases during the PCR. Six of the samples were also independently replicated at Centro UCM-ISCII de Evolució n y Comportamiento Humanos, Madrid (Spain). All controls were negative during the course of the study and independently derived replicates as well as overlapping sequences consistently matched, lending support to the authenticity of the results.
(c) Data analysis The overlapping sequences were aligned and assigned to haplotypes using BIOEDIT v. 7.0.5.2 (Hall 1999) . After supplementing our dataset with 41 sequences from GenBank (see electronic supplementary material, table S1), we constructed a haplotype network based on statistical parsimony using the program TCS v. 1.21 (Clement et al. 2000) . The added sequences shared 705 -741 bp with our sequence and represented all haplotypes comprising haplogroups D and E (Debruyne et al. 2008) within mammoth mitochondrial DNA clade 1 (Barnes et al. 2007; Gilbert et al. 2008) . Genetic variation in the population on Wrangel Island before 12 000 yr BP and after 9000 yr BP was measured as the number of haplotypes (n h ), haplotype diversity (H d ) and nucleotide diversity (n d ). Haplotype and nucleotide diversities, with standard errors, were estimated using ARLEQUIN v. 3.01 (Excoffier et al. 2005) , and differences between samples were evaluated using t-tests. To test whether there was a difference in genetic composition on Wrangel Island before and after 9000 yr BP, we performed an exact contingency test with 1000 dememorization steps and 100 000 iterations on a contingency table of haplotype frequencies, using the program STRUC (Raymond & Rousset 1995) 
The evolutionary rate for this region of the mitochondrial genome has previously been estimated as 2.47 Â 10 27 mutations site 21 yr 21 (Barnes et al. 2007) . For the whole 741 bp sequence analysed in this study, this is equivalent to a haplotype mutation rate (i.e. the probability that a new haplotype is formed) of 0.0002 per year. Assuming a generation time of 15 years, as suggested for Asian elephants (Sukumar 1989) , this corresponds to a haplotype mutation rate of 0.003 per generation. To examine the probability of obtaining the observed number of haplotypes after 9000 yr BP through mutation from a single haplotype, we used a slightly modified version of the program EASYPOP (Balloux 2001) . The modification allowed us to sample one individual from the population at specified generations corresponding to the radiocarbon dates for the post-isolation samples used in this study (i.e. one individual from each of generations 0, 7, 63, 71, . . . etc. assuming a generation time of 15 years), and to store data over repeated runs. A time span of 353 generations was used in the simulations, which represents the isolation period on Wrangel Island. We ran the simulation for seven different haploid population sizes (harmonic means: 10, 50, 100, 500, 1000, 5000 and 10 000) and four haplotype mutation rates per generation (0.01, 0.003, 0.001 and 0.0001). We used the simulation settings: single locus, haploid data, no migration, the K-allele model (KAM) of mutation and an initial variation of zero. After each run, the number of allelic variants (i.e. haplotypes) was calculated in the sample. All simulation combinations were replicated 999 times, and the probability of obtaining the observed number of haplotypes in our real dataset (five or more; see below) was calculated for each mutation rate/population size combination. To investigate the effect of different generation times, we also repeated the simulations for generation times of 10, 20 and 30 years (electronic supplementary material, table S2). We estimated the carrying capacity of mammoths on an island the size of Wrangel Island (ca 8000 km 2 ), using Damuth's (1981) equation on the relationship between body size and population density for herbivores in an arctic environment. Since it has been suggested that the mammoths on Wrangel Island were of smaller size (Vartanyan et al. 1993) , we assumed an average body weight of between 1000 and 6000 kg in the equation.
RESULTS
All 741 bp were successfully amplified from 40 of the 42 individuals (table 1). We identified 10 haplotypes on Wrangel Island of which all belonged to clade I, Genetic change in woolly mammoths V. Nyström et al. 2333
previously described by Barnes et al. (2007) (the haplotypes have been deposited in GenBank with accession numbers GU984769-GU984778). Six of the haplotypes were present before 12 000 yr BP and five after 9000 yr BP. Whereas the haplotypes from before 12 000 yr BP were spread out in the haplotype network (figure 1), the haplotypes from after 9000 yr BP formed a star-like shape around the dominant haplotype (W1/ E1) in the sample. When compared with previously published sequences (Krause et al. 2005; Rogaev et al. 2006; Barnes et al. 2007; Debruyne et al. 2008; Gilbert et al. 2008 ; electronic supplementary material, table S1), the haplotypes from before 12 000 yr BP were found within both haplogroups D and E (sensu Debruyne et al. 2008) , whereas all haplotypes from after 9000 yr BP clustered within haplogroup E (table 1 and figure 1). When comparing the genetic variation before and after the gap in the fossil record (12 000 -9000 yr BP), we found higher haplotype and nucleotide diversities in the samples with radiocarbon dates older than 12 000 yr BP (t 38 ¼ 16.63, p , 0.0001 and t 38 ¼ 8.31, p , 0.0001, respectively, table 2). We also found a significant difference in haplotype frequencies (p , 0.0005) between samples older than 12 000 yr BP and those younger than 9000 yr BP. When dividing the samples with radiocarbon dates younger than 9000 yr BP into two groups (9000 -6000 and 6000 -3000 yr BP), haplotype and nucleotide diversities were higher in the samples within the time interval 6000 -3000 yr BP than in samples within the time interval 9000 -6000 yr BP (t 32 ¼ 6.42, p , 0.0001 and t 32 ¼ 2.43, p , 0.05, respectively; table 2 and figure 2). This pattern, with an initial high haplotype diversity, followed by a reduction and subsequent increase in diversity, was also observed when the samples were divided into shorter time periods (electronic supplementary material, figure S1 ).
The computer simulations indicate that the observation of five haplotypes in our post-isolation sample (34 mammoths) is likely (p . 0.05) for a wide range of seemingly realistic mutation rate and population size combinations, also if the population was monomorphic immediately after isolation and all the subsequent variation was generated by mutation. As seen in figure 3 , the probability of obtaining the observed result (five or more haplotypes) is less than 0.05 only at mutation rates substantially lower than that estimated in Barnes et al. (2007) . At a mutation rate of one-third of that estimated in Barnes et al. (2007) , this probability is less than 0.05 only at small (less than 10 -100) female effective population sizes. Different generation times had very little effect on the outcome of the simulations, except for a low generation time (10 years) and then only for a very small population size (N ef ¼ 10; electronic supplementary material, table S2). From Damuth's equation, the carrying capacity of mammoths on Wrangel Island was estimated to 149 -819 individuals. Assuming a 1 : 1 sex ratio and a 0.5 ratio of effective to actual number of females, this would correspond crudely to an effective female population size of 40 -200.
DISCUSSION (a) Genetic composition before and after the isolation of Wrangel Island
During the Late Pleistocene, sea levels were considerably lower than today and Wrangel Island constituted an elevated area of the mainland (Fairbanks 1989; Saarnisto & Karhu 2004) . At this time, mammoths were still abundant in northern Eurasia (Kuzmin & Orlova 2004) . Based on the low frequency of mammoth specimens on Wrangel Island that dates to the Late Pleistocene, Vartanyan et al. (2008) suggested that mammoths only visited the Wrangel area occasionally during this period. This was further supported by Arppe et al. (2009) who interpreted a difference in strontium isotope values in Late Pleistocene and Mid-Holocene mammoth bones as a shift in mammoth range in the area. The high genetic variation that we found in the samples from Wrangel Island before 12 000 yr BP in our study is in accordance with a genetic signature of a large population inhabiting the continuous tundra-steppe region on the mainland. Although the sample size is small, we also find no indication of a loss of haplotype diversity in connection with the last glacial maximum (electronic supplementary material, figure S1 ).
As melting ice sheets caused the sea levels to rise at the end of Pleistocene, Wrangel Island was gradually separated from the mainland. Around 9000 yr BP, the connection to the mainland had been submerged and the mammoths on Wrangel became isolated (Fairbanks 1989; Vartanyan et al. 2008 ). When we compared the mitochondrial DNA sequences from before and after the gap in the fossil record (12 000 -9000 yr BP), we found a different genetic composition and a significantly lower genetic variation in the samples from after 9000 yr BP (table 2) . This could be explained by a population extinction around 12 000 yr BP followed by a recolonization of Wrangel some 3000 years later. However, the dominant haplotype (W1/E1) on Wrangel Island after 9000 yr BP is also present before 12 000 yr BP ( figure 1 ). An alternative explanation to the differences in genetic variation and haplotype frequencies could therefore be a demographic bottleneck that temporarily reduced the amount of genetic variation to a few or even a single haplotype (W1/E1). In conclusion, it seems clear that the observed gap in the fossil record (Vartanyan et al. 2008 ) represents a demographic event in the Wrangel Island mammoth population, rather than a being a sampling artefact, although we are at present unable to resolve whether this was owing to an extinction/recolonization or a bottleneck.
The haplotypes observed after 9000 yr BP are all closely related, and distributed in a star-like pattern in the haplotype network (figure 1). This type of pattern is often indicative of an expansion in population size that follows a bottleneck or a founder event (Slatkin & Hudson 1991) . This is consistent with the results from our simulations, which indicate that the genetic variation observed in the population after the isolation of Wrangel Island could have arisen through mutation from a single haplotype. Figure 3. Simulated probability of obtaining five or more haplotypes during the isolation period on Wrangel Island assuming that the population was monomorphic in generation t ¼ 0, and that all the variation observed was generated by mutation. Simulations were run for four different mutation rates per generation and seven female effective population sizes during a time span of 353 generations.
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(b) The extinction of mammoths on Wrangel Island Small populations risk extinction through demographic and genetic stochasticity (Lande 1993; Frankham 2003 Frankham , 2005 , and such conditions could in the case of Wrangel Island be further aggravated by a reduction in carrying capacity related to the decreasing area connected to rising sea levels. However, we would in this case expect to find a gradual loss of genetic variation owing to genetic drift. By contrast, our results suggest that genetic variation was maintained at a relatively stable level, and even increased slightly (figure 2; electronic supplementary material, figure S1 ), up until the final extinction. The genetic data thus point towards a relatively large Holocene population on Wrangel Island, which is also congruent with the high density of mammoth fossils dating to this period (Vartanyan et al. 2008) . This suggests that the final extinction was caused by a relatively sudden, rather than gradual, change in the mammoths' environment. One possible explanation for such a sudden change could be the arrival of humans on Wrangel Island. According to Jones et al. (2008) , human extermination of a large mammal, such as the mammoth, should be readily visible in the archaeological record. In the case of Wrangel Island, such direct evidence is lacking. The only pre-historic human settlement has no record of mammoth hunting and is dated to 3360 + 155 yr BP, and is thus at least 100 years younger than the last mammoth date (Dikov 1988) . However, a gap of only a few hundred years is very small, and it is likely that the final extinction of mammoths happened later than the most recently dated mammoth specimen. Furthermore, the first arrival of humans probably pre-dates the age of the oldest human settlement on the island. It therefore does not seem unlikely that humans came into contact with the mammoths on Wrangel Island. The alternative to human predation as a cause for the extinction could include the emergence of a novel disease (MacPhee & Marx 1997) or a previously undetected short-term change in the climate. Thus, in this study, we have found support for an extinction scenario involving a rapid decrease in population size, however, the detailed mechanism for why the last remaining mammoth population suddenly vanished remains unresolved. This work was supported by grants from Oscar and Lili Lamm's foundation and Helge Axelsson Johnson's foundation. L.D. acknowledges funding from the EU Marie Curie scheme (FP6 041545). N.R. thanks Francois Balloux for making the source code for EASYPOP available. Thanks also to three anonymous reviewers for comments on an earlier draft of the manuscript.
